In mammalian cells, as well as Escherichia coli, ribosomes translating membrane proteins interact cotranslationally with translocons in the membrane, and this interaction is essential for proper insertion of nascent polypeptides into the membrane. Both the signal recognition particle (SRP) and its receptor (SR) are required for functional association of ribosomes translating integral membrane proteins with the translocon. Herein, we confirm that membrane targeting of E. coli ribosomes requires the prokaryotic SR␣ homolog FtsY in vivo. Surprisingly, however, depletion of the E. coli SRP54 homolog (Ffh) has no significant effect on binding of ribosomes to the membrane, although Ffh depletion is detrimental to growth. These and other observations suggest that, in E. coli, SRP may operate downstream of SR-mediated targeting of ribosomes to the plasma membrane.
tetracycline (100 ng͞ml) for expression of FtsY and Ffh, respectively.
Growth Conditions. Cultures were grown at 37°C in LB medium supplemented with ampicillin (100 g͞ml) and chloramphenicol (30 g͞ml) or kanamycin (30 g͞ml) when necessary. For FtsY and͞or Ffh depletion, cells were grown overnight with arabinose (0.2%) or with arabinose and anhydrotetracycline (100 ng͞ml), washed three times in LB broth, and resuspended in LB to an OD 600 of 0.01 with or without arabinose and͞or anhydrotetracycline, as indicated. Growth was estimated from cell density as monitored by the increase in OD 600 .
Cell Fractionation. Harvested cells were resuspended in ice-cold 10 mM Tris-acetate (pH 7.6)͞10 mM Mg(OAc) 2 ͞60 mM NH 4 Cl͞ 0.25 M sucrose (RS buffer; ref. 22) supplemented with 1 mM PMSF to an OD 420 of 2.1. Extracts were prepared by three freeze͞thaw cycles, followed by three cycles of brief sonication (4 s at 1-min intervals). Extracts were incubated on ice for 20 min with 10 g͞ml DNase I and 1 mM PMSF and subjected to low-speed centrifugation to remove cell debris. Membranes and ribosomes were collected by ultracentrifugation with an Optima benchtop centrifuge (Beckman-Spinco) with a TLA 100.1 rotor (60 min; 90,000 rpm; 4°C). Pellets were resuspended in buffer R [10 mM Tris-acetate, pH 7.6͞10 mM Mg(OAc) 2 ͞60 mM NH 4 Cl] supplemented with 1 mM PMSF. Identical aliquots of protein from each sample (usually 40 l containing 300 g of protein) were placed in empty tubes, mixed with 400 l of buffer R containing 2.3 M sucrose and overlaid with 680 l of buffer R containing 1.9 M sucrose. Tubes were filled to the top with buffer R as described (23) . Flotation was accomplished by ultracentrifugation with an Optima benchtop centrifuge (BeckmanSpinco) with a TLS 55 rotor (4 hr; 54,000 rpm; 4°C). Fractions were diluted to 0.5 M sucrose in buffer R, precipitated on ice overnight in trichloroacetic acid (10% wt͞vol), and washed with ice-cold acetone.
Puromycin and High Salt Treatment. Harvested cells were suspended in ribosome release buffer [50 mM Hepes, pH 7.8͞10 mM Mg(OAc) 2 ͞60 mM KOAc͞0.25 M sucrose͞1 mM EDTA] and gently disrupted as described earlier. Puromycin (2 mM), GTP (0.1 mM), and DTT (3 mM) were then added to the cell extracts that were incubated on ice for 1 hr, followed by incubation at 37°C for 15 min and then at room temperature for 15 min. Each sample was then divided into four identical aliquots and centrifuged with an Optima benchtop centrifuge (BeckmanSpinco) with a TLA 100.1 rotor (60 min; 90,000 rpm; 4°C). Pellets were resuspended and incubated for 1 hr on ice in ribosome release buffer containing different concentrations of KOAc (60, 400, 600, and 800 mM) and subjected to flotation in a stepwise sucrose gradient as described earlier. Ultracentrifugation was done at 20°C.
Gel Electrophoresis and Immunoblotting. Protein concentrations were measured according to a modified Lowry procedure in the presence of 2.5% (wt͞vol) SDS with BSA as a standard. An aliquot from each sample was then mixed with SDS sample buffer, incubated at 37°C for 15 min or 100°C for 5 min (with samples of ribosomal proteins), and analyzed by SDS͞7.5-12% PAGE by using acrylamide (NaDodSO 4 ). After electroblotting, the nitrocellulose was incubated with the appropriate primary antibody and then with goat anti-rabbit or donkey anti-goat antibodies conjugated to horseradish peroxidase. The nitrocellulose was soaked briefly in fluorescent substrate solution and exposed to film for 10-30 s, as required.
Results and Discussion
Cell Fractionation. A prerequisite to studying cellular distribution of ribosomes in E. coli is to establish a protocol for clearly discriminating between cytosolic and membrane-associated ribosomes. It has been shown (e.g., ref. 23 ) with mammalian microsomes that membrane-bound ribosomes can be separated from cytosolic ribosomes by flotation in a stepwise sucrose gradient. Therefore, E. coli N4156 cells were disrupted as described (22, 24) and subjected to ultracentrifugation to isolate both the cytosolic and the membrane-bound ribosomes ( Fig.  1 A) . As shown with antibodies against proteins from the ribosomal large (L9) and small (S13) subunits, most of the ribosomes are detected in the pellet with the polytopic membrane proteins SecY ( Fig. 1 A) and LacY (data not shown). The ribosomecontaining pellet was then subjected to flotation, and the sucrose gradient fractions were analyzed by Western blotting with antibodies against ribosomal subunit proteins L9, S4, and either SecY (Fig. 1B) or LacY (data not shown). Clearly, L9 and S4 detected in fraction 3 comigrate with SecY ( Fig. 1B) , as well as LacY (not shown). Semiquantitative Western blot analysis with anti-L9 antibodies (Fig. 1C) indicates that approximately 6-7% of the ribosomes are membrane bound, as shown previously (22) . Moreover, the membrane-bound ribosomes are probably associated with mRNA and active in translation (ref. 22 and 24; see below).
FtsY Depletion. Ribosome distribution in cells depleted of FtsY, the E. coli SR␣ homolog, was studied by similar fractionation experiments with samples taken from cultures of the well characterized E. coli N4156::pAra14-FtsYЈ (8), which contains a chromosomal copy of the ftsYEX operon under the tight control of the araB promoter. The essential genes ftsE and ftsX are transcribed also independently of ftsY (25) . Growth of the strain ceases without arabinose ( Fig. 2A) , because FtsY is an essential protein; by 3 hr, FtsY is virtually undetectable (Fig. 2B ), whereas Ffh, the E. coli homolog of SRP54, is unaffected. As shown previously (12) , expression of membrane proteins such as SecY (Fig. 2B) is inhibited in FtsY-depleted cells. When arabinose was added to the depleted cultures, full restoration of FtsY expression is observed (Fig. 2B) . Similarly, expression of SecY is also restored after FtsY induction (Fig. 2B) .
The effect of FtsY depletion on membrane-bound ribosomes was analyzed after further fractionation of the pellets obtained from ultracentrifugation (Fig. 2B ) by flotation. Both the isolated membranes and the free ribosomal fractions were then analyzed by Western blotting with polyclonal antibodies against L9 and S13. On depletion of FtsY, membrane-associated ribosomes are reduced by approximately 75%, whereas cytoplasmic ribosomes remain essentially constant (Fig. 2C) . Induction of FtsY expression in cells depleted of FtsY leads to the reappearance of ribosomes in the membrane fraction (Fig. 2C) . Interestingly, unlike SecY, which decreases partially after FtsY depletion (Fig.  2B) , expression of FtsY, L9, and S13 in the membrane fraction decreases much more drastically after a 3-hr depletion. Therefore, expression of FtsY and ribosomal proteins was studied over a shorter time period after arabinose depletion (Fig. 3) . Strikingly, expression of FtsY decreases markedly after only 1 hr after arabinose depletion (Fig. 3A) , indicating a relatively short halflife. Over 1-2 hr, the membrane-bound ribosomes also decrease, but they seem to do so at a slower rate (Fig. 3B) . Therefore, although ribosome targeting to the membrane is FtsY dependent (Figs. 2 and 3) , ribosomes may remain anchored to the membrane for a short time after FtsY has been depleted. It is also possible that after a 1-hr depletion, the small amount of FtsY that is translated is sufficient for targeting ribosomes to the membrane. In any case, the observations support the proposal that membrane targeting of ribosomes in E. coli requires FtsY.
Ffh Depletion. In a similar manner, the role of SRP (Ffh) in targeting ribosomes to the membrane was studied directly by analyzing ribosome distribution in Ffh-depleted E. coli Wam113 (6), which contains a chromosomal copy of the ffh gene under the tight control of the araB promoter (Fig. 4) . Growth of Wam113 also ceases when arabinose is removed from the medium, because Ffh, like FtsY, is an essential protein (Fig. 4A) . At 3 hr after arabinose depletion, Ffh is drastically reduced (Fig. 4B) , whereas FtsY expression is unaffected. Unlike FtsY-depleted cells, where expression of SecY is inhibited (Fig. 2B) , in Ffhdepleted cells, SecY expression remains unchanged (Fig. 4B) . Thus, the effect of Ffh depletion differs from FtsY depletion, probably because Ffh depletion prevents proper membrane protein assembly (9-11) but has little or no effect on expression per se. When arabinose is added back to the culture, full restoration of Ffh is observed (Fig. 4B) . Surprisingly, after fractionation of the pellets obtained from ultracentrifugation (Fig. 4B) by flotation, it is apparent that Ffh depletion has no detectable effect on recovery of membrane-bound ribosomes despite its putative role in ribosome targeting as part of the SRP complex (Fig. 4C ). As observed with E. coli expressing Ffh, similar amounts of L9 and S13 are detected in membranes isolated from Ffh-depleted cells even 5 hr after depletion. A plausible explanation for the observations is that SRP is not required for membrane association of E. coli ribosomes. However, because Ffh depletion does not affect expression of membrane proteins (Fig. 4B) , it is important to examine the possibility that ribosomes in Ffh-depleted cells may bind to the membrane in a nonspecific manner via hydrophobic nascent chains.
The nature of the interaction between ribosomes and membranes from Ffh-depleted and nondepleted cells was analyzed by treating membranes with puromycin, followed by incubation at increasing concentrations of salt (Fig. 5) . Puromycin acts by interrupting chain elongation, and ribosomes detach from the puromycin-terminated nascent chains at high salt conditions (e.g., ref. 26) . Therefore, if ribosomes in Ffh-depleted cells are attached to the membrane nonspecifically, they should be removed from the membrane after treatment with puromycin and Growth of E. coli WAM113 with or without arabinose was monitored by measuring the optical density of the cultures every 30 min. Samples were taken at certain time points during the growth, fractionated as described for Fig. 1 , and analyzed by Western blotting as shown in B (ultracentrifugation of cell extracts) and C (flotation assay). (B and C) In both panels, the separated lane on the right represents samples from depleted cultures that were induced with arabinose after 4 hr of depletion and harvested 1 hr later. (C) Extracts were prepared from WAM113 cells that were grown with or without arabinose (A). Pellets (10 g of proteins) were probed with anti-Ffh and anti-SecY antibodies; supernatants (sup; 20 g of proteins) were probed with anti-Ffh antibodies; and total extracts (total; 10 g of proteins) were probed with anti-FtsY antibodies. (C) After flotation, identical aliquots from the interface fractions (membrane ribosomes, MR) and the bottom fractions (cytoplasmic ribosomes, CR) were probed with antibodies against the ribosomal proteins L9 and S13.
high salt (26) . Although a large fraction of the ribosomes (75%) is released from the membranes of nondepleted cells, indicating that these ribosomes are involved in active translation, puromycin͞high salt does not alter the amount of ribosomes that fractionate with membranes from Ffh-depleted cells (Fig. 5) . Therefore, in Ffh-depleted cells, the ribosomes bind to the membrane through relatively strong interactions. Consistent with the conclusion that ribosomes do not bind nonspecifically to the membrane, previous studies (27) on the interaction between eukaryotic ribosomes and target membranes demonstrate that under physiological conditions, most nonspecific membrane binding of ribosomes is lost. Thus, we favor the hypothesis that the lethal effect of Ffh depletion is not due to defective ribosome targeting to the membrane but is caused possibly by a role of Ffh in assembly of membrane proteins (9) (10) (11) .
Simultaneous Depletion of FtsY and Ffh. To exclude a possible caveat that may result from the use of strains with different genotypes, the experiments described above have been reproduced by using the recently constructed E. coli HA101. This strain harbors both ftsY and ffh under the tightly regulated promoters araB and tet, respectively (see Experimental Procedures). E. coli HA101 were depleted of Ffh, FtsY, or both. Growth was inhibited in all of the cultures depleted of either or both inducers (Fig. 6A ). Samples were taken after 3 hr, and FtsY, Ffh, and membrane-bound ribosomes were analyzed. As shown in Fig. 6B , membrane-bound ribosomes decrease in cells depleted of FtsY (lane 3), and no change is apparent in cells depleted of Ffh (lane 2). Membrane-bound ribosomes also remain unaffected in cells simultaneously depleted of Ffh and FtsY (lane 4). It is possible that FtsY has initiated membrane association of ribosomes, but after depletion of both Ffh and FtsY, release of these ribosomes from the membrane is no longer possible. However, ribosomes are released from the membrane after induction of Ffh (lane 5). In addition to providing further support for the conclusion that FtsY, but not Ffh, is required for association of ribosomes with the inner membrane, the results suggest that Ffh may play a role in the release of ribosomes from a initial, puromycin͞high saltinsensitive membrane binding site and their subsequent transfer to the translocon.
Given the assumption that like the mammalian FtsYhomolog SR␣ (28) , FtsY may also be targeted and assembled cotranslationally on the membrane (as may be inferred indirectly from ref. 29) , the observations presented herein raise an important consideration regarding a possible role for FtsY in ribosome targeting, namely that both FtsY and the ribosomes translating it are delivered together to the membrane. One consequence of such a scenario is that the SRP complex may not participate in ribosome targeting unless targeting of FtsY itself is SRP dependent. In this regard, it has been shown that the cotranslational targeting of the mammalian SR does not require SRP (28) .
In conclusion, although the prevailing SRP model in E. coli implies that the SRP complex plays a critical role in targeting of ribosomes to the membrane, this conclusion is not supported by the experiments presented herein. However, it is noteworthy that the SRP model has been derived primarily from in vitro studies, whereas these results were obtained from experiments carried out in vivo. Clearly, further studies are needed both to test the hypothesis that FtsY may mediate ribosome targeting in the absence of SRP and to correlate evidence obtained in vitro with the in vivo studies now feasible both in E. coli and in yeast.
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